Abstract: The first integrated implosion experiment of three-axis cylindrical hohlraum (TACH) was accomplished at the SGIII laser facility. 24 laser beams of the SGIII laser facility were carefully chosen and quasi-symmetrically injected into the TACH, in which a highly symmetric radiation filed was generated with a peak radiation temperature of ~190eV. Driven by the radiation field, the neutron yield of a deuterium gas filled capsule reached ~1×10 9 , and the corresponding yield over clean (YOC) was ~40% for a convergence ratio (Cr) of ~17. The X-ray self-emission image of imploded capsule cores was nearly round, and the backscatter fraction of laser beams was less than 1.25%. This experiment preliminarily demonstrated the major performance of TACH, such as the robustness of symmetry, and a laser plasma instability (LPI) behavior similar to that of the outer ring of traditional cylindrical hohlraum.
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Introduction: Hohlraum is an important part in indirect-drive Inertial Confinement Fusion (ICF). Laser beams are injected into a high-Z hohlraum through the laser entrance holes (LEHs) and converted into quasi-blackbody radiation. Then the radiation drives a low-Z capsule placed at the center of the hohlraum to the ignition condition [1, 2] with a Cr of 30~40. To achieve this goal, the radiation asymmetry should be less than 1%. To obtain the desired radiation symmetry, hohlraum structure and laser beams arrangement should be designed carefully. Up to now, 2 LEHs cylindrical hohlraum is the main candidate. The laser beams are injected into the hohlraum through the 2 LEHs at both ends [3] . In this case, laser beams are arranged in multi rings to obtain the required symmetry. However, this may lead to crossed-beam energy transfer (CBET) [4] [5] [6] , LPI problem of inner beams [3] and so on, which increase the difficulty of symmetry control. Rugby hohlraum [7] [8] [9] [10] as another kind of 2 LEHs hohlraum has similar problems with cylindrical hohlraum. Besides 2 LEHs hohlraum, multiple-LEHs hohlraum has also been largely studied, such as 4 or 6 LEHs spherical hohlraum. Among them, multi rings are still necessary for symmetry control for the 4 LEHs spherical hohlraum [11] [12] [13] . And it may have the similar LPI problem as cylindrical hohlraum. 6 LEHs spherical hohlraum utilizes single-cone beams and has the natural superiority in radiation symmetry. In recent years, many theoretical and experimental studies on 6 LEHs spherical hohlraum have been carried out [14] [15] [16] [17] [18] . As an important alternative, a new kind of 6 LEHs hohlraum named TACH [19] has been proposed recently, which is jointed of three cylindrical hohlraums orthogonally. Laser beams are injected from 6 LEHs in single-cone with a large incident angle. Analysis shows that TACH has similar LPI as the outer ring of cylindrical hohlraum and similar symmetry as 6 LEHs spherical hohlraum. In addition, TACH has more flexibility on laser arrangement than 6 LEHs spherical hohlraum, which makes it possible to carry out high-quality integrated implosion at existing laser facilities.
This letter reports the first integrated implosion experiment of TACH. 24 laser beams of the SGIII laser facility [20, 21] were carefully chosen and quasi-symmetrically injected into TACH. The radiation field inside TACH was studied by using array of flat x-ray detectors (FXRDs) [22] and shock wave technique (SWT). Backscatter fraction was studied by the Full Aperture Backscatter Station (FABS) and Near Backscatter Station (NBS). The implosion performance of a deuterium gas filled plastic capsule placed at the center of TACH was studied by diagnosing neutron yield, bang time, ion temperature and X-ray self-emission images of imploded capsule cores.
As shown in Fig.1 , vacuum TACH was used in the experiment, which was orthogonally jointed of three cylindrical hohlraums. The length of each cylindrical hohlraum was 3.2mm, and the inner diameter was 1.4mm. A gold cube with a side length of 3.2mm was used to fabricate the hohlraum. As shown in Fig. 1 , three orthogonal cylindrical holes with a diameter of 1.4mm were dug in the cube, and the inner surface of the three holes just formed the required TACH. For the SWT target, the witness material was inserted into the hohlraum by using a gold cone. For the implosion target, the cube was cut into two parts, and the capsule was placed at the center of the hohlraum by using support tent. The inner diameter of the capsule was 630μm. The ablator was silicon (Si) doped (1% by atom) CH, with a shell thickness of 35μm. The capsule was filled with deuterium gas at two different pressures, 13atm and 15atm.
FIG. 1. Schematic of TACH.
A gold cube was used to fabricate the TACH. Three orthogonal cylindrical holes with a diameter of 1.4mm were dug in the cube, and the inner surface of the three holes just formed the required TACH.
The experiment was performed at the SGIII laser facility, which consists of 48 laser beams at a wavelength of 0.35μm. There are four cones at the upper and lower hemisphere respectively [18] . To form a quasi-symmetric injection, 24 laser beams out of outer cones (cone3 and cone4) were carefully chosen, and each LEH was injected by 4 laser beams, as shown in fig. 2(a) . The laser incident angles varied within 49.3±1.42°, so the 24 beams formed a 6 ends quasi-symmetric injection. A good radiation symmetry provided as below was obtained by further adjusting the position of laser spots inside the TACH. The drive flux symmetry on the capsule placed at the center of the TACH was studied by 3D view-factor code IRAD3D [23] . The spherical harmonic component C lm [19] was used to characterize the asymmetry. As the analysis in Ref. [19] , C 40 and C 44 were the dominant asymmetry components. At the early stage, C 40 =1.15%, C 44 =1.34%, as shown in Fig. 2(b) , and at the end of the 2.5ns laser pulse, C 40 =1.35%, C 44 =1.46%, as shown in Fig. 2(c) . The other components was less than 0.5% during the whole laser pulse. A 2.5ns square laser pulse was used in the experiments. The total energy delivered to the target was typically 46kJ. The 24 beams power balance ranged over 11%-15% rms. The rms beam pointing accuracy for the upper and lower LEHs was 30μm, while 80μm for the equatorial LEHs.
The radiation temperature was measured using array of FXRDs and SWT with Al step sample. 4 FXRDs (U16, D42, U42, U64) were used in the experiment, and were installed on different locations, and the corresponding view fields are shown in Fig.   3(a) . Each FXRD can diagnose the radiation flux from several LEHs, and the measured flux is the sum of the fluxes from the LEHs in the view field. The equivalent radiation temperature of TACH can be obtained by use of the method described in Ref. [18] , as shown in Eq. (1). The equivalent radiation temperature derived from Eq. (1) is shown in Fig. 3(b) . The temporal behaviors of radiation temperature measured from different view angles are almost the same. The peak radiation temperature ranges from 186eV to 191eV with the variation being within the uncertainty of FXRD (3%), Which indicates that the radiation temperature measured by FXRDs is insensitive to observation location. For a given FXRD, when the location of which changes, its view angles from some LEHs become smaller, and from others become larger, the two conditions compensate each other, making the radiation temperature insensitive to the location of FXRD.
For the SWT target, Al step sample was placed near the inner surface of the TACH. X-ray radiation inside the hohlraum irradiated the sample, and generated a shock wave in the sample. The shock wave velocity was measured by Velocity Interferometer System for Any Reflector (VISAR) [24] . The typical experimental result is shown in Fig. 3(c) . Assuming that the radiation flux irradiated on the Al sample has the similar temporal behavior as that measured by FXRD, the scaling formula between the peak radiation temperature and the shock wave velocity can be obtained by using the radiation hydrodynamic code HYADES [25] , as shown in Eq. (2): 0.6395 r,eV cm/s =0.0109 TV (2) where T r is the peak radiation temperature in unit of eV, and V is the shock wave velocity in unit of cm/s. The measured shock wave velocity was about 43km/s. According to Eq. (2), the peak radiation temperature irradiating the surface of Al sample is about 190eV, which agrees well with that measured by FXRD as shown in Fig. 3(d) .
In Figure. 2(a), FABS and NBS were employed to measure the backscatter fraction of two laser beams from the lower LEH and one of the equatorial LEHs. The measured total backscatter fraction was less than 1.25%, and more than 2/3 of the backscatter energy was contributed by SBS, which was closed to the backscatter fraction of the outer ring laser beams in the vacuum cylindrical hohlraum at Omega laser facility [8, 9] . The corresponding conversion efficiency of laser to X-ray is about 90%. It suggests that the laser behavior of TACH is similar to that of the outer ring of the traditional cylindrical hohlraum. In the implosion experiment, the drive flux of the capsule could not be diagnosed directly. It should be associated with the flux measured by the FXRDs and SWT by use of numeric calculation. As shown in Fig. 3(d) , the peak radiation temperatures calculated by IRAD3D agree well with that measured by FXRDs and SWT. So it is reasonable to calculate the drive flux of capsule through IRAD3D. The calculated peak radiation temperature on the surface of capsule is 185eV, and it is a little lower than that measured by FXRDs and SWT. This is mainly because the capsule can view large area of LEHs for the TACH used in this work, as shown in Fig. 1 .
Different with traditional cylindrical hohlraum, six half cylindrical hohlraums of TACH were distributed symmetrically around the capsule. The gold bubbles created by the laser were separated from the capsule, which reduced the degradation effect of bubble plasma on the implosion performance of capsule. The drive symmetry was diagnosed from x-ray self-emission images of imploded capsule core by use of a time-integrated pin-hole camera through one of the equatorial LEHs. The bang time of neutron emission was measured by fast scintillator. The DD neutron yield was measured by scintillator. The ion temperature was measured by neutron time-of-flight (NTOF) device. The typical data are shown in Fig.4 and Table 1 .
As shown in Fig. 4 , a nearly round image of imploded capsule core was obtained. The symmetry of the core is analyzed from the 50% intensity contour of the image by use of spherical harmonic decomposition in sum of ∑M n *exp[i*sin(nφ)]. The analysis gives M 2 /M 0 =3.1%, M 4 /M 0 =4.4% and M 6 /M 0 =2.9%. As described above, for the 6 ends quasi-symmetric injection, the dominant asymmetry component of the core is M 4 , which is contributed by the C 44 drive asymmetry. The beam pointing accuracy for the upper and lower LEHs (30μm rms) is different from that for the equatorial LEHs (80μm rms), which may be the main cause for M 2 . Besides that, the 24-beams power balance (11%-15% rms) and fabrication deviation of target could contribute to the M 2 , M 4 and M 6 components. Even in the condition of imperfect beam pointing accuracy, power balance and non-ideal 6 ends injection, all of the spherical harmonic components are controlled below 5%, which presents the robustness of TACH in the symmetry control.
As shown in Table 1 , DD neutron yield of ~1.0×1 0 9 was obtained, and the corresponding Cr defined as the ratio of initial capsule outer radius to the hot spot radius at maximum neutron emission was 16~17. Higher Cr, ion temperature and DD neutron yield were obtained for lower gas pressure capsule. That was because lower gas pressure could achieve higher implosion velocity, which resulted in higher Cr and ion temperature. And higher ion temperature could increase fusion-reaction rate and compensate the lower fuel mass. So the DD neutron yield of 13atm capsule was yet higher than that of 15atm capsule. According to the radiation temperature studied above, clean-1D-neutron yield can be calculated. Then the YOC defined as the ratio of measured-neutron yield to clean-1D neutron yield can be obtained. In the experiment, a medium YOC of about 40% was obtained, which was obviously higher than that obtained in the 4 LEHs spherical hohlraum experiment at the same Cr regime [12] . In addition, some asymmetry factors may contribute to the degradation of YOC, such as the hydrodynamic mixing of cold ablator with the hot-spot region in the Cr regime, the preheating of capsule by hot electrons and M-band radiation generated by the interaction of laser with the hohlraum. Considering the non-ideal factors mentioned above and the asymmetry factors pointed out, the YOC obtained in the implosion experiment further reflects the robustness of radiation symmetry of TACH. In conclusion, the integrated implosion experiment of TACH has been performed for the first time at the SGIII laser facility. 46kJ of frequency-tripled laser energy with 2.5ns square pulse was injected into TACH by a 6 ends quasi-symmetric injection arrangement. In the hohlraum energetics experiment, a quasi-symmetric radiation field with a peak radiation temperature of ~190eV was generated. The total backscatter fraction was less than 1.25%. In the implosion experiment, a nearly round core was observed and a DD neutron yield of ~1×10 9 was obtained with YOC~40%
and Cr~17. From the integrated implosion experiment, it was obvious that the LPI behavior of TACH was similar with that of the outer ring in traditional cylindrical hohlraum, and that the radiation field had the similar symmetry with that of the 6 LEHs Spherical Hohlraum. Therefore, TACH combines most advantages of various hohlraums and has little predictable risk, which provides an important potential way for ignition hohlraum design in ICF. For further studies, to achieve a higher YOC with a higher Cr is more challenging and more relevant to ignition. It is crucial to evaluate the performance of TACH in the condition closer to ignition. To achieve this goal, it requires a comprehensive improvement in experimental technology and physical understanding.
